A new synthetic polyamine was found as a suitable compound for amine-impregnated solid sorbent through screening of amine compounds with the aid of density functional theory calculations. CO2 capture performance of the sorbent was evaluated on a labscale CO2 capture system. The solid sorbent was excellently regenerable even at low temperature condition. Then, Bench-scale demonstration will be started on current project, using the sorbent developed by Research Institute of Innovative Technology for the Earth (RITE) and moving bed system of Kawasaki Heavy Industries, Ltd (KHI).
Development of post-combustion CO 2 
Introduction
CO 2 capture by amine-impregnated solid sorbent, which contains liquid amine in porous solid support, is a promising technology in 2nd-generation CO 2 capture systems [1] . The solid sorbent system has several advantages over amine scrubbing, such as low equipment corrosivity, low heat duty by solventless system, and particularly, lowtemperature regenerability. In contrast to amine scrubbing in which amine solvent is often heated to more than 100°C to strip CO 2 [2] , several methods for low-temperature regeneration is proposed for solid sorbent (discussed in Section 3). Reduction of regeneration temperature provides significant benefit, that is, utilization of waste heat, which cancels endothermic heat of CO 2 desorption.
To develop energy-efficient CO 2 capture system, Research Institute of Innovative Technology for the Earth (RITE) has promoted a solid sorbent CO 2 capture project since 2010 to 2015, and the project has shifted to new phase (scaleup stage) since 2015. Now, RITE is developing large-scale solid sorbent system for CO 2 capture from flue gas with industrial partner, Kawasaki Heavy Industries, Ltd. (KHI), who has also developed original system for solid sorbent: Kawasaki CO 2 Capture (KCC) system. In this paper, we present two key technologies for our CO 2 capture system, namely, new synthetic amine suitable for low-temperature regeneration and CO 2 capture process with steam-aided regeneration. Furthermore, current status of the demonstration plan using RITE's sorbent and KCC system is reported.
Amine screening for low-temperature regeneration
Solid sorbents using conventional amines, such as polyethyleneimine (PEI) and tetraethylenepentamine (TEPA), requires high temperature (> 120°C) for CO 2 desorption [3, 4] , due to formation of stable carbamate with primary amino group [5] , and slow CO 2 transfer in viscous polyamine [6] . To improve these characteristics, chemical modification of polyamine was examined using acrylonitrile [7] [8] [9] and 1,2-butylene oxide [10] . These investigations successfully improve CO 2 capture performance of polyamine; however, exploration of optimum functional groups has not been well conducted.
We, therefore, demonstrated amine screening using density functional theory (DFT) calculation, on the basis of experience in the development of advanced amine solvent conducted in the Cost Saving CO 2 Capture System by Utilizing Low-grade Waste Heat (COCS) project from 2004 to 2009 [11] [12] [13] [14] .
The main purpose of chemical modification of primary amino group in polyamine molecule by attaching functional group is destabilization of carbamate formed between amino groups and CO 2 molecule. The stability of carbamate in modified polyamine was evaluated by Gibbs energy and enthalpy of reaction obtained by DFT calculation. When carbamate is formed, two amino groups are consumed for one CO 2 molecule, which is depicted by the following model reaction for simplicity (Eq. 1):
where R indicates a certain substituent (e.g. R = hydrogen for original polyamine). This reaction consists of several elemental steps (i.e. zwitterion formation, deprotonation from zwitterion, and amine protonation), and is governed by both Lewis and Brønsted basicities of amine. In order to predict only the stability of carbamate, we used below equation (Eq. 2):
Reverse reaction of Eq. 2 can be regarded as conversion of absorbed CO 2 species from carbamate to bicarbonate. To calculate the thermodynamic quantities of these reactions, geometry of each molecule in Eqs. 1 and 2 was roughly optimized using semi-empirical molecular orbital method (PM6) at isolated condition. After that, fine geometry optimization and vibrational analysis were conducted by DFT calculation with the continuum solvent model (SMD/IEF-PCM) at B3LYP/6-31G(d) level [12] . Calculation results of the Gibbs free energy of Eq. 2, which represents the carbamate stability, and the enthalpy of carbamate formation (Eq. 1) for modified amino group are summarized in Fig. 1 . Carbamate formed on modified amino group by attaching alkyl group (No. 2-7) exhibits less stability than pristine amine (No. 1). Reaction enthalpy also increases except for sec-butyl group (No. 6). This trend indicates that CO 2 can desorb more easily from these amines. On the other hand, polyamines modified with alkanol group (No. 8-10) exhibit less Gibbs energy and enthalpy, indicating that carbamate is more stabilized and thus larger regeneration energy is expected compared with unmodified polyamine. Note that carbamate with alkanol group (No. 8-10) is stabilized through the intramolecular hydrogen bonding in this calculation. These results suggest that polyamine with tert-butyl group is the most desirable, and isopropyl and ethyl groups are also good candidates for low-temperature regeneration. According to this prediction, we synthesized chemically modified TEPA using alkyl or alkanol halide. This modified TEPA was loaded by 40wt% onto mesoporous silica MSU-H, by wet-impregnation method [15] . CO 2 cyclic absorption performance of the solid sorbent was evaluated with adsorption isotherm analyzer (ChemiSorb HTP, Micromeritics). CO 2 absorption to fresh sample (1 st cycle) was measured, and 2 nd cycle measurement was demonstrated after vacuum regeneration for at least 5 minutes. Sample was pre-treated before the measurement under helium flow (50 mL/min) at 80°C for 6 hours. shows lower uptake than original TEPA, but higher uptake at second cycle. This trend is agreed well with the DFT prediction. Modified amino group forms less stable carbamate, resulting in less absorption amount at first cycle, but low stability leads to high regeneration capacity. On the other hand, the trend for TEPA with alkanol group (No. 8 and 10) is likely different from the DFT calculation, which predicts that these modified TEPA have larger capacity at first cycle due to formation of stable carbamate. The inconsistency can be explained by effect of mass transfer. For TEPA with alkanol group, low diffusivity of CO 2 is expected due to experimentally observed extremely high viscosity, and then CO 2 absorption is inhibited in spite of high carbamate stability. This result indicates that functional group which has strong interaction with amino group such as hydroxyl group is not favorable to modify polyamine, even though it destabilizes carbamate. Consequently, we selected the TEPA modified with isopropyl group 
Synthesis of IP-TEPA
For precise modification of TEPA, further problems still exist. The first one is composition unavailability of TEPA. According to several chemical suppliers [16, 17] , TEPA is not a pure compound but it contains at least four pentamines, 1,4,7,10, Fig. 3 . Composition of these pentamines is generally unknown and it should vary lot-by-lot because TEPA is obtained as by-product of ethylenediamine production. These characteristics complicate determination of stoichiometric balance of substituent and TEPA. Then, to identify the composition of crude TEPA, we separated each component by distillation, identified molecular species of each fraction by spectroscopic methods, and determined composition of crude TEPA by gas chromatography (GC).
The second problem is reaction selectivity for modification of amino group. Polyamine molecule has primary and secondary amino group at edge and inside of molecular chain, respectively. In addition, tertiary amino group is also included in T-BRN, T-IPZ, and T-EPZ. Chemical modification of only a primary amino group is desirable because modification of secondary amino group to tertiary one loses reactivity with CO 2 under dehydrated condition. Due to this problem, alkylation of polyamine with isopropyl halide is not a recommended path for industrial-scale synthesis, as similar with Michael addition of acrylonitrile and addition reaction of epoxide. Hence, we applied the other route: reduction of Schiff base formed with crude TEPA and acetone by hydrogen with Pd or Pt catalyst (Fig. 3) . This scheme is highly selective because quaternary ammonium cation formed with secondary amino group and acetone is unstable. Expected compounds included in IP-TEPA are listed in Fig. 3 . The GC chart of TEPA and IP-TEPA is shown in Fig. 4 . Since molecular weight of TEPA components is lower than that of IP-TEPA components, they are detected at earlier retention time. Using distilled compounds, we identified the retention time of all the species. We also determined the retention time for main components of IP-TEPA by synthesizing isopropylized pentamines from purified components of TEPA. TEPA components excluding T-IPZ are successfully modified to desired species shown in Fig.3 . T-IPZ was functionalized with two isopropyl groups by about Dissolve to EtOH + Acetone +H 2 bubbling with Pd/C or Pt/C catalyst 50 area%, but only one isopropyl group was attached to the rest (mono-IPT-IPZ). Overall conversion of the four components of TEPA to desired species of IP-TEPA and mono-IPT-IPZ is 86% based on GC analyses. The undesirable species, in which secondary amino group of TEPA is modified, were hardly detected. 
Solid sorbent performance at low-temperature regeneration system
In spite of numerous reports for material development, investigation of process design for solid sorbent system is limited. Thermal swing adsorption (TSA) [18] [19] [20] [21] [22] [23] is the most employed method for amine-based solid sorbents, and temperature > 120°C is generally required for regeneration. To avoid usage of high-temperature heat, reduction of pressure of CO 2 in gas phase is required for regeneration. One of the methods to achieve this is vacuum swing adsorption (VSA) [24, 25] , a particular case of pressure-swing adsorption, in which ambient-pressure adsorption and vacuum-condition desorption are conducted. Pringruber et al. claimed that VSA is more favorable than TSA because of slow heat transfer in TSA process; however, VSA still has challenges to be overcome: vacuum pressure has to be much less than CO 2 partial pressure in flue gas, although desorbed CO 2 is recompressed up to 110 bar for storage. The other method to reduce CO 2 pressure is steam stripping. This technique has been well utilized for volatile organic compounds (VOCs) adsorption processes. For CO 2 capture, steam-assisted thermal regeneration (> 100°C) has been proposed for fluidized-bed adsorber/regenerator system [26] [27] [28] , in which steam plays the role of CO 2 stripper and particle fluidizer. To achieve energy-efficient regeneration, we applied steam with low temperature and saturated vapor pressure (e.g. 60°C, 20 kPa) for regeneration. This system is specifically effective at the site where waste steam is available, such as a power plant. The IP-TEPA-impregnated sorbent was loaded to fixed-bed columns and evaluated heat consumption for CO 2 Figure 5 . Three-column fixed bed system for CO 2 capture. Figure 5 shows a lab-scale CO 2 capture system. The apparatus equips three fixed-bed columns, and ca. 200 gram of sorbent is contained for each, with glass beads filled above and below. CO 2 capture is conducted by switching columns for CO 2 adsorption, rinsing, and desorption. In adsorption operation, 12% CO 2 gas, with N 2 balance and humidity controlled, is fed to the column, and CO 2 is captured. Then, column is rinsed by product gas (i.e. high-purity CO 2 gas obtained at desorption column) to sweep the remaining N 2 rich gas out, so as to increase CO 2 purity at next step. At desorption operation, low-temperature steam is supplied under vacuum condition, from the top of the column, and CO 2 is released. We performed this operation 100 cycles for each condition. Typically, adsorption temperature was set to 60°C, and cycle time and rinsing time were 9 min and 40 sec, respectively. The solid sorbent was pre-treated by N 2 flow at 80°C for 3 hours. The solid sorbent, which was prepared by wet impregnation method, consists of IP-TEPA (70wt%) and mesoporous silica MSU-F, synthesized and pelletized at RITE. Detail procedure is described elsewhere [29] .
A summary of operation results for CO 2 capture is shown in Fig. 6 . Regeneration heat, the horizontal-axis value, was calculated from heat duty to generate steam per amount of CO 2 recovered as below (Eq. 3):
At the condition of low regeneration heat corresponding to low steam supply, both purity and recovery are not enough high. The low purity is caused by remaining N 2 after rinsing, and insufficient recovery might be attributed to steam absorption to supported amine. When the steam feed rate is low, absorbed steam is not negligible, and CO 2 sweep by steam is not sufficient. At a certain steam supply (corresponding to regeneration heat of 1.1-1.2 GJ/t-CO 2 ), in contrast, both purity and recovery are dramatically increased. Excess amount of steam does not raise up the performance. Consequently, CO 2 recovery and purity rises up to respectively 93% and 98% at optimized operation condition, that is, regeneration heat of 1.47 GJ/t-CO 2 . In addition, through four-month test without sorbent renewal, the solid sorbent did not show marked degradation and kept CO 2 absorption performance. This excellent performance indicates that combination of IP-TEPA sorbent and steam-aided regeneration is feasible for CO 2 capture from flue gas. 
Bench-scale demonstration
To apply the solid sorbent to industrial-scale CO 2 capture, continuous (i.e., sorbent-transferring) processes, such as fluidized bed [20, 26, 27, 30] and moving bed [25, 31] systems, have been investigated by several groups. KHI also has developed original moving-bed system for CO 2 capture (KCC process), and feasibility of steam-aided regeneration has been demonstrated [31] . Then, we, RITE and KHI, are collaborating to develop further efficient system, and thereby, bench-scale test using RITE's sorbent and KHI' moving-bed system will be demonstrated. Parametric study of operation conditions will be conducted for further scale-up operation, and degradation of sorbent will be also investigated.
Summary
We reported about RITE's development of solid sorbent and future plan for bench-scale demonstration conducted by RITE and KHI. By the DFT calculation, the functional groups to be attached to polyamine were screened, and several types of modified TEPA were tested by experiment. As a result, isopropyl amino group exhibited the highest CO 2 capacity for low-temperature regeneration. The TEPA with isopropyl group, IP-TEPA, was impregnated to solid support, and cyclic CO 2 capture test was conducted. This test validated that IP-TEPA sorbent with steam-aided regeneration is highly energy-saving system. The bench-scale demonstration using RITE's sorbent and KHI's moving bed system will be held, and based on this demonstration results, conceptual design of pilot-scale plant will be established.
